The compound b b-citryl-L-glutamate (b b-CG) was initially isolated from developing brains, though its functional roles remain unclear. In in vitro experiments, the [Fe(II)(b b-CG)] complex activated aconitase in the presence of reducing reagents, whereas no Fe complex with citrate, glutamate, or deferoxamine displayed such an effect. b b-CG and [Fe(II)(b b-CG)] both bound to the fourth labile Fe atom (Fe a ) in the [4Fe-4S] cluster of aconitase. Furthermore, [Fe(II)(b b-CG)] reactivated aconitase damaged by ammonium peroxodisulfate (APS), while b b-CG and citrate had no effect. These findings suggest that [Fe(II)(b b-CG)] can transfer Fe to aconitase disassembled by APS. In intact mitochondria, both b b-CG and [Fe(II)(b b-CG)] bound to Fe a of aconitase, whereas only [Fe(II)(b b-CG)] reactivated the enzyme disassembled by APS. In cultured neuronal cells, b b-CG significantly enhanced cell viability by accelerating mitochondrial activity in primary cultures of neurons from newborn mouse cerebrum tissues. Thus, the b b-CG plays a role as an Fe-carrier for mitochondrial aconitase, and then activates it. Taken together, these findings suggest that b b-CG is an endogenous low molecular weight Fe chaperone for aconitase.
We previously isolated a unique compound containing glutamate and citrate residues from the brains of newborn rats, and identified it as b-citryl-L-glutamate (b-CG). 1) This compound appears in high concentrations (300-600 mM) during the period characterized by growth and differentiation of neurons in developing rats, and guinea pigs, and then decreases with maturation. [2] [3] [4] In another study, we found developmental changes in the concentrations of b-CG in the optic lobes of developing chick brains as well as in primary cultured neuronal cells from chick embryo optic lobes. 5) A sharp peak of b-CG was shown, with a maximal concentration at 13 d of incubation in the optic lobe, while similar developmental changes were observed in primary cultured neuronal cells. In additions, the synthetic activity of b-CG was significantly increased on day 3 of the culture, whereas the hydrolyzing enzyme activity was low until day 3, and then it increased significantly until day 12. 5) Together, these findings suggested that b-CG plays roles in regulating the differentiation or growth of neuronal cells. However, its functional roles in the developing brain remain unclear.
The tetra-carboxyl nature of b-CG, in which a b-carboxylresidue of citrate and amino-residue of glutamate are linked with an amide bond, indicates that it may coordinate with metal ions. To evaluate that coordination, we previously performed pH titration experiments. 6) The stability constant was calculated from pH titration data, which showed that b-CG forms relatively strong complexes with Fe(III), Cu(II), and Fe(II). Therefore, we examined the effects of b-CG on Fe-dependent reactive oxygen species (ROS)-generating systems, as well as the potential ROS-scavenging activities of b-CG and metal ion-(b-CG) complexes. b-CG inhibited the Fe-dependent degradation of deoxyribose, as well as Fe-dependent damage to DNA or plasmid DNA in a dose-dependent manner, whereas it had no effect on Cu-mediated DNA damage. In addition, thermodynamic data showed that b-CG in a physiological pH solution is an Fe(II) chelator rather than an Fe(III) chelator. Taken together, these findings suggest that b-CG is an endogenous low molecular weight Fe chelator.
Aconitase, a critical citric acid-cycle enzyme that converts citrate to isocitrate, belongs to the family of iron-sulfur-containing dehydratases, whose activities depend on an intact [4Fe-4S] 2ϩ cluster. 7) Aconitase contain a unique [4Fe-4S] 2ϩ cubane cluster in its active catalytic sites, with one particularly labile Fe atom (so-called Fe a ). Loss in aconitase activity is commonly used as a biomarker of oxidative damage due to the susceptibility of the [4Fe-4S] 2ϩ cubane cluster to oxidative disassembly. 8) Oxidatively inactivated aconitase is rapidly reactivated in vitro and in vivo, which requires cluster reduction and Fe(II) ion reinsertion. 9) The physiological mechanisms for reduction of [3Fe-4S] ϩ and Fe(II) insertion into the [3Fe-4S] 0 center are currently unknown. 8) The active center of purified mitochondrial aconitase has been reported to be protected completely from oxidative damage by citrate, an enzyme substrate. 9, 10) Indeed, citrate interacts with the fourth iron atom (Fe a ) of the [4Fe-4S] 2ϩ cubane cluster, 11) prevents cluster disassembly, while it is also required for enzyme reactivation in rat cardiac mitochondria treated with H 2 O 2 .
In the present study, we investigated whether b-CG could insert Fe into [3Fe-4S] 0 of aconitase. Our results showed that the [Fe(II)(b-CG)] complex plays a role as an Fe-carrier for mitochondrial aconitase, and then activates it, whereas no Fe complex with citrate, glutamate, or deferoxamine displayed such an effect. In intact mitochondria, [Fe(II)(b-CG)] reactivated the enzyme disassembled by ammonium peroxodisulfate (APS). Taken together, our findings suggest that b-CG is a carrier of Fe to aconitase in mitochondria. In additions, b-CG increased the number of surviving cells and significantly enhanced mitochondrial activity in cultured neuronal cells from newborn mouse cerebrum tissues.
MATERIALS AND METHODS
Materials Aconitase (from pig heart), isocitrate dehydrogenase recombinant (from yeast), and b-NADP ϩ were purchased from Oriental Yeast Co. (Tokyo Japan). b-Citryl-L-glutamate (b-CG) was synthesized as described previously. 1) N-Acetyl-L-aspartate (NAA), N-acetyl-L-glutamate (NAG), deferoxamine mesylate (Def: Fe(III) chelator), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and 3-(2-pyridyl)-5,6-bis(4-sulfophenyl)-1,2,4-triazine(ferrozine)monosodium salt were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Fe(II)O (Alfa Aesar), Cu(II) oxide, Fe(III) 2 O 3 , and bathocuproinedisulfonic acid disodium salt, came from Wako Pure Chemicals Co. (Osaka, Japan). Mn(IV)O, Ni(II)O, ammonium iron(II) sulfate hexahydrate, and ammonium peroxodisulfate (APS) were obtained from Nacalai Tesque (Kyoto, Japan). Gly-His-Lys (GHK: Cu chelating peptide) 12) was from Peptide Institute Inc. (Osaka, Japan), while 2,4,6-Tris(2-pyridyl)-1,3,5-triazine (TPTZ: Fe(II) chelator) came from Dojindo (Tokyo Japan). A filter unit (0.22 mm, Ultrafree-MC) and Bio-Gel P-6 cartridges were obtained from Millipore (U.S.A.) and Bio RaD (CA, U.S.A.), respectively. An MTT assay kit (cell proliferation assay kit I) was obtained from Roshe (Mannheim, Germany). 14 C-Labeled b-CG was prepared with citrate anhydride and L-[U-14 C]glutamate (37 MBq/0.57 mg: New England Nuclear), then purified using high voltage electrophoresis and TLC chromatography, as described previously, 1) after elimination of unreacted radioactive glutamate with a Dowex cation exchange resin. All other reagents were purchased from commercial sources at the highest grade available.
Preparation of Metal Ion-Chelator Complexes Metal ion-complexes with chelators were prepared according to the method described by Darr et al. 13) After stirring vigorously for 20 h at room temperature, solid metal ion oxides, including Fe(II)O, Fe(III) 2 O 3 , Mn(IV)O 2 , Ni(II)O, Cu(II)O, and Zn(II)O, were removed by centrifugation and the supernatants clarified by passage through a 0.22 mm filter unit (Millipore, Ultrafree-MC). Solutions were prepared as 2-10 mM stock solutions and stored at Ϫ20°C until use in the experiments.
Determination of Fe Concentration in Various Fe Complexes Samples (100 ml) were incubated for 30 min at room temperature with 100 ml of 10 mM ascorbate, followed by addition of 100 ml of 0.5 mM ferrozine and 1 ml of 100 mM acetate buffer, pH 3.7, then further incubated for 30 min. Absorbance at 562 nm was determined as described previously. 14) Determination of Aconitase Activity Enzyme activities were assayed by determining the formation of cis-aconitate from isocitrate. 7) UV assays were performed at room temperature. The final volume was 1 ml, including 25 mM Tris-HCl, pH 7.4, and 2 mM trisodium DL-isocitrate. After addition of the enzyme, changes in absorption at 240 nm were determined from 0.5 to 1.5 min. One unit was defined as the amount of enzyme necessary to produce 1 mmol of cis-aconitate/minute (e 240 nm ϭ3.6 mM Ϫ1 cm Ϫ1 ). 9) Unless otherwise noted, all specific activities refer to the UV assay. The presence of Fe(II) and a reducing agent, such as cysteine or dithiothreitol, is required for activation of aconitase. 9) In some experiments, aconitase activity was determined by a coupled assay, 7) in which NADP reduction was determined.
Activation of Aconitase Aconitase (purified from pig heart in the present study) is inactive ([3Fe-4S] cluster form) and requires activation ([4Fe-4S] cluster form) by Fe(II) and a reducing agent. 9) Aconitase was routinely activated by adding a solution composed of ferrous ammonium sulfate (Fe(II): 60-100 mM) at room temperature for 20 min to small tubes containing 50 mM Tris-HCl buffer, pH 7.4, and 5 mM dithiothreitol in a total volume of 50-100 ml. To remove excess low molecular activating agents, the aconitase protein solution was rapidly desalted using a Bio-Gel p-6 cartridge (1.6ϫ4 cm) equilibrated with 50 mM Tris-HCl buffer, pH 7.4, containing 0.5 mM dithiothreitol. These aconitase preparations were used as "active aconitase" in the experiments.
Binding of b b-CG to Aconites Aconitase (approximately 1.2 U, 0.15 mg protein) was activated by Fe(II) (108 mM) and 14 C-b-CG (4.8ϫ10 4 dpm) in the presence of dithiothreitol (14 mM) and 50 mM Tris-HCl buffer, pH 7.4, for 20 min at room temperature, and then immediately applied to a 1.6ϫ4 cm Bio-Gel P-6 gel filtration column equilibrated with 50 mM Tris-HCl buffer, pH 7.4, containing 0.5 mM dithiothreitol. Two drops were collected and an aliquot of the fractions was used for determination of radioactivity, aconitase enzyme activity, iron concentration, and Altman reaction 1) for detecting b-CG. Aconitase was excluded from the gel, while b-CG was retained in the gel, as shown in Fig. 4A .
Treatments of Intact Mitochondria with Oxidants Mitochondrial fractions were prepared from Wistar rat hearts as described previously. 15) The rat hearts were homogenized in 20 ml of buffer A (210 mM mannitol, 70 mM sucrose, pH 7.4, with 5 mM ethylenediaminetetraacetic acid (EDTA)) using a Polytron homogenizer. The homogenate was centrifuged at 500ϫg for 5 min, then the supernatant was centrifuged at 10000ϫg for 10 min. The mitochondrial pellets were washed 2 times with buffer A, rewashed with buffer A without EDTA, then resuspended in 100 mM Tris-HCl buffer, pH 7.4, and stored at Ϫ80°C until use in the experiments.
Mitochondria were diluted to 25 mg protein/ml in 100 mM Tris-HCl buffer, pH 7.4, in the absence or presence of exogenously added chelators, such as citrate and b-CG, and then incubated immediately or at 10 min after addition of 10-100 mM H 2 O 2 or 10-50 mM ammonium peroxodisulfate (APS). All incubations were performed at room temperature. After incubation, 30 ml aliquots of the reaction mixtures were suspended in 30 ml of 1% Triton X-100, and solubilized, with 50 ml aliquots used for determination of aconitase activity. 15) Neuron-Enriched Cultures of Newborn Mouse Brain Tissues Cerebrums of 1-d-old ddY mice were dissected and placed in Ca 2ϩ /Mg 2ϩ -free Dulbecco's phosphatebuffered saline [PBS(Ϫ)]. Dissociation and cultures of neurons were carried out as described previously, 16) with a slight modification. In brief, cerebrum specimens were rinsed in PBS(Ϫ), minced with scissors, and then dispersed using a pipette. The cells were washed and dispersed in Dulbecco's modified Eagle's medium (DMEM) containing penicillin (50 IU/ml) and streptomycin (50 mg/ml). Next, aliquots (0.1 ml) of the cell suspension, usually 2ϫ10 5 cells/ml, were placed in 96-well plates pre-coated with 0.1% poly-DL-ornithine. After incubation for 60 min at 37°C in a 5% CO 2 atmosphere, the medium was changed to serum-free DMEM containing N 1 constituents and the cells were successively incubated for 3 d under the same conditions described above.
Cultured cells were fixed in 4% paraformaldehyde for 30 min at room temperature, permeabilized with 0.1% Triton X-100 in PBS for 10 min and treated with Blocking One solution (Nakalai, Japan). Cells were incubated for 2 h with anti-b-III tubulin (Sigma, U.S.A.; 1 : 500) primary antibodies at 4°C, then washed in TTBS (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) and incubated for 2 h with fluorescent-conjugated secondary antibodies (Alexa fluoro546, Molecular Probes, U.S.A.; 1 : 1000) at room temperature. Cells were observed with IX70 fluorescence microscopy (Orympus, Japan).
MTT Assay and DNA Contents in Primary Cultured Neurons An MTT assay assesses the integrity of mitochondrial functions, as described by Mosmann. 17) In the present study, the assay was performed according to the specifications of the manufacturer (MTT kit I; Roshe, Mannheim, Germany). Briefly, neurons were cultured in 96-well plates, then 10 ml of 5 mg/ml MTT labeling reagent was added to each well containing neurons in 100 ml of medium, and the plate was incubated for 4 h in a humidified incubator at 37°C. After incubation, 100 ml of solvating solution [0.01 M HCl in 10% sodium dodecyl sulfate (SDS) solution] was added to each well for 17-18 h. The absorbance of the samples was determined at a wavelength of 570 nm, with 630 nm used as a reference wavelength. Unless otherwise indicated, the extent of MTT conversion in cells exposed to b-CG and other chelators is expressed as a percentage of the control.
Contents of DNA in the cells were determined according to the method described by Rodriguez-Tarduchy et al., 18) with a slight modification. Using the same protocol as noted above, 2ϫ10 6 cells were cultured in 24-well plates for 3 d, then solubilized in 1 ml of lysis buffer (50 mM Tris-HCl, pH 8.0, 20 mM EDTA, 100 mM NaCl, 1% SDS). The solution was transferred into tubes and incubated with proteinase K (6 mg/ml) at 50°C for 2 h, then cooled on ice and incubated with RNase A (10 mg/ml) at 37°C for 30 min. DNA was extracted twice with 1 volume of phenol/chloroform, and precipitated twice, first with isopropyl alcohol and then with 70% ethanol, and air-dried. Pellets were solubilized in 30 ml of 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA. DNA concentrations were calculated by determining the OD 260 value.
Neuron-Enriched Cultures of Chick Embryo Brain Tissues
The optic lobes of 7-or 8-d-old chick embryos were dissected and placed in Ca 2ϩ /Mg 2ϩ -free Dulbecco's phosphate-buffered saline [PBS(Ϫ)]. Dissociation and cultures of neurons were carried out as described previously, 5) with a slight modification. In brief, the optic lobes were rinsed in PBS(Ϫ), minced with scissors, and trypsinized (0.125% trypsin) in PBS(Ϫ) for 15 min at 37°C in a 5% CO 2 atmosphere. Cells were washed and dispersed in DMEM containing penicillin (50 IU/ml), streptomycin (50 mg/ml), and 10% fetal calf serum. Aliquots (0.5 m1) of the cell suspension, generally 2ϫ10 5 cells/ml, were placed in 24-well plates pre-coated with 0.1% poly-L-ornithine. After incubation for 60 min at 37°C in a 5% CO 2 atmosphere, the medium was changed to serum-free DMEM containing N 1 constituents, consisting of 5 ng/ml of insulin, 5 ng/ml of transferrin, 7.3 ng/ml of progesterone, 16 mg/ml of putrescine, and 5 ng/ml of selenium, then the cells were succes-sively incubated for 3 d under the same conditions described above. Thereafter, the culture medium was changed every 4 d to fresh DMEM supplemented with 10% fetal calf serum. On day 5 after inoculation, cells were exposed to 20 nM cytosine arabinoside for 3 d.
Contamination by non-neuronal cells in the cultured cell populations, estimated by determination of anti-neurofilament antibodies, was scarcely observed until day 7 after inoculation, after which the population of non-neuronal cells in the culture dish ranged from about 5-10%, as estimated by the ratio of cells reacting with the anti-neurofilament antibody to the total number of cells.
Cell numbers in the live cultures were determined every other day using phase microscopy by counting "process-bearing" cells (those with processes longer than two cell diameters) and "flat" cells (non-neuronal cells). The most precise and reliable method of assessing cell viability is cell count, which should give the exact number of living cells in a well. Such counting is done directly using photographs of fields taken randomly in the wells during the experiment following exposure to b-CG and the controls.
RESULTS

Activation of Aconitase by [Fe(II)(b b-CG)] Complex
Aconitase was obtained from commercial source in an inactive state and required activation, and an earlier study indicated that Fe(II) is needed in the presence of a reducing agent such as cysteine and dithiothreitol for that activation. 9) In the present study, Fe ion-complexes with b-CG, deferoxamine, and EDTA were separately prepared by mixing Fe(II)O and Fe(III) 2 O 3 , suspensions with the above chelators. 6) Deferoxamine (desferrioxamine B), a hydroxamate-type siderophore isolated from streptomyces, has a high binding affinity for Fe(III), and can be used clinically to remove excess Fe from blood and tissues. 19) Deferoxamine and EDTA were used as positive controls in the present study, as they can bind various metal ions containing Fe, Mn, and Cu. The effects of Fe ion-complexes of b-CG, deferoxamine, and EDTA on aconitase were examined ( Fig. 1 ). As shown in Fig. 1A , among the complexes of b-CG, deferoxamine, and EDTA with Fe ions, [Fe(II)(b-CG)] activated aconitase only in the presence of cysteine, and Fe(II) did so in the presence of cysteine, while [Fe(II)(EDTA)], and [Fe(II)(deferoxamine)] had no effect. The activation of aconitase by [Fe(II)(b-CG)] was confirmed by using a coupling method for aconitase (data not shown). Furthermore, the aconitase-activating activities of Fe(II) ion were similar to those noted in previous reports. 9) It is known that Zn ion binds to mitochondrial aconitase through metallothionein 20) and inhibits the enzyme, 21) while Mn ion significantly inhibits the enzyme in vitro, which is reversed by the addition of Fe. 22) Therefore, metal ion-complexes of b-CG with Fe(III), Cu, Mn, Zn, and Ni ions were separately prepared. As shown in Fig. 1B , only the Fe(II) complex with b-CG activated aconitase, which occurred in a time-and concentration-dependent manner (Figs. 1C, D) .
However, the molar ratio of Fe to b-CG varied in the [Fe(II)(b-CG)] complex preparations. The concentrations (mM per g-atom of Fe) necessary for ED 50 values to cause aconitase-activating activities are presented in Table 1 .
Effects of Various Chelators and Fe/Chelator Ratio on
Activation of Aconitase Fe(II) complexes with various chelators, including GHK, bathocuproine, TPTZ, NAA, NAG, glutamate, and 3 different aconitase substrates, citrate, DL-isocitrate, and cis-aconitate, were prepared by mixing with an Fe(II)O suspension, and then examined for aconitase activating activities.
As shown in Fig. 2A , only [Fe(II)(b-CG)] activated aconitase. In addition, the Fe contents in the Fe(II) complexes with citrate and isocitrate were very low, while that of cis-aconitate was only slightly higher as compared to those. Therefore, we investigated whether the aconitase substrates, citrate, isocitrate and cis-aconitate, are able to transfer Fe(II) ion to aconitase to activate it, as those substrates can chelate with Fe(II) ion in a solution.
First, the effects of the substrates on activation of aconitase by Fe(II) were examined. As shown in Fig. 2B, citrate and cis-aconitate strongly inhibited aconitase activities in a concentration-dependent manner, while isocitrate showed moderate inhibition, and b-CG had almost no effect at low 1458 Vol. 34, No. 9 concentrations and then gradually decreased the activity at higher concentrations. In addition, the effects of b-CG, citrate, and EDTA on activation of aconitase by [Fe(II)(b-CG)] were examined. b-CG had almost no effect up to 200 mM, while citrate and EDTA strongly inhibited aconitase activities (data not shown).
Next, the effects of the Fe/chelator ratio on aconitase-activation were examined. The enzyme, dithiothreitol and chelator concentrations were kept constant, and only the Fe(II) concentration varied. As shown in Fig. 2C , b-CG activated aconitase with an increase in the Fe/b-CG ratio, even when the ratio was low, while citrate and cis-aconitate did not demonstrate any activation. Isocitrate showed an activating effect similar to that of b-CG, and the pattern of glutamate was nearly the same as that of Fe(II) without a chelator (data not shown).
These findings suggest that citrate and cis-aconitate do not transfer Fe to aconitase by strongly binding with Fe(II). However, the effect of isocitrate under the present experimental conditions was unclear. We previously reported the stability constants, log b pqr for M p (b-CG) q H r , as well as constants for the citrate, glutamate and deferoxamine systems obtained from literature. 6) The overall stability constant for M p (b-CG) q H r was in a range from Ϫ3.2 to 6.5 and the apparent stability constants of b-CG were in the range of Ϫ3.19 to 3.43 for Fe(II), while those of glutamate, citrate and deferoxamine were 3.52, 4.8-8.62, and 10.3, respectively. These values for the b-CG systems were slightly smaller than those for citrate, and larger than those for glutamate. These findings support the results shown in Figs. 2B and C.
Effects of Chelators on Aconitase Damaged by H 2 O 2 and APS It is known that aconitase is inhibited by various oxidants such as H 2 O 2 by damaging Fe a in [4Fe-4S] aconitase clusters. 8) Citrate, isocitrate and cis-aconitate have been reported to provide very effective protection for aconitase as a substrate. 9, 10) Thus the protective effects of chelators on aconitase damaged by H 2 O 2 were examined ( Fig. 3) . "Active aconitase" was preincubated with the different chelators for 5 min, and then aconitase activities were determined immediately after addition of H 2 O 2 . As shown in Fig. 3A , all of the aconitase substrates showed strong protective effects toward aconitase treated with H 2 O 2 at very low concentrations, while b-CG and [Fe(II)(b-CG)] had only weak effects, even at higher concentrations.
APS is known to inactivate aconitase as a relatively mild oxidant as compared with H 2 O 2 . 9) Thus, the protective effects of chelators on aconitase damaged by APS were examined. "Active aconitase" was preincubated with the chelators for 5 min, and then aconitase activities were determined at 10 min after adding APS. As shown in Fig. 3B , all aconitase substrates had strong protective effects toward aconitase treated with APS at very low concentrations, while b-CG showed a certain protective effects in a concentration-dependent manner. [Fe(II)(b-CG)] also had a protective effect as well as b-CG alone. These findings suggest that b-CG and the [Fe(II)(b-CG)] complex bind to Fe a in the [4Fe-4S] cluster of aconitase.
The reactivating activities of the chelators on aconitase damaged by exposure to APS for 10 min were also examined. "Active aconitase" was preincubated with APS for 10 min at room temperature, and then aconitase activities were deter-mined at 5 min after adding each chelator. As shown in Fig.  3C , [Fe(II)(b-CG)] reactivated aconitase damaged by APS as well as Fe(II) alone, while b-CG and citrate had no effect. In addtion, isocitrate and cis-aconitate also had no effect (data not shown). These findings suggest that [Fe(II)(b-CG)] transfers Fe to the [3Fe-4S] cluster of aconitase disassembled by APS.
Binding of 14 C-Labeled b b-CG to Aconitase Next, we used 14 C-labeled b-CG to examine whether b-CG can bind directly to aconitase. Aconitase was activated by Fe(II) and 14 C-b-CG in the presence of dithiothreitol for 20 min at room temperature, then was immediately applied to a 1.6ϫ4 cm Bio-Gel P-6 gel filtration column and the filtration process was completed within about 15 min. Two drops were collected and an aliquot of the fractions was used for determination of radioactivity, aconitase enzyme activity, iron concentration, and Altman reaction 1) for detecting b-CG. Aconitase was excluded from the gel, while b-CG was retained. Figure 4A shows the gel filtration profile created with a standard aconitase enzyme protein and b-CG. Figure 4B and C show the profile of aconitase labeled with 14 C-b-CG and Fe(II), as well as with 14 C-b-CG, Fe(II), and b-CG (4 mM). An aconitase labeled with 14 C-b-CG was partly retained in the gel between standard aconitase and b-CG, while the labeled aconitase chased with 4 mM of b-CG was eluted at nearly the same point as b-CG. These findings suggest that b-CG binds to aconitase, though slightly. This binding of b-CG was not as a substrate of the enzyme. Because, it is considered that b-CG is unavailable as a substrate for aconitase, as no change of UV-absorbance was observed even when using b-CG instead of DL-isocitrate as the substrate (data not shown). In addition, b-CG did not remove Fe from "the active aconitase" until 200 mM, while EDTA at 40 mM decreased enzyme activity to approximately 30% (data not shown).
Treatments of Intact Mitochondria with H 2 O 2 and APS: Effects of b b-CG and [Fe(II)(b b-CG)] on Aconitase
Activity It was previously shown that when mitochondria are damaged with pro-oxidants such as H 2 O 2 , 15) then aconitase and the mitochondrial iron-binding protein frataxin interact with each other. This interaction requires the enzyme substrate citrate, to protect the [4Fe-4S] 2ϩ cluster of aconitase from oxidant-induced disassembly and also for enzyme reactivation. 11) The effects of b-CG and [Fe(II)(b-CG)] on aconitase activity in mitochondria treated with H 2 O 2 and APS were examined. First, intact mitochondria suspensions were preincubated with the different chelators for 5 min, then the mitochondria was solubilized in 0.5% Triton X-100 immediately after adding H 2 O 2 and aconitase activities in the solution were determined. The results are shown in Fig. 5A . The aconitase substrates, citrate, isocitrate, and cis-aconitate, protected the aconitase activity, while b-CG and [Fe(II)(b-CG)] showed only slight protective activities toward aconitase.
Next, intact mitochondria suspensions were preincubated with the chelators for 5 min, then the mitochondria were solubilized in 0.5% Triton X-100 at 10 min after adding APS and aconitase activities in the solution were determined. As shown in Fig. 5B , citrate showed the highest protective activity, b-CG and [Fe(II)(b-CG)] moderate activities, and Fe(II) lower activity as compared with the blank. Isocitrate and cisaconitate had nearly the same effects as citrate (data not shown). These findings suggest that both b-CG and [Fe(II)(b-CG)] can also bind to aconitase in a mitochondrial matrix.
Aconitase lost activity when APS was added to mitochondria ( Fig. 5B ). Therefore, we investigated whether [Fe(II)(b-CG)] or b-CG reactivates aconitase damaged by APS. Intact mitochondria suspensions were preincubated with APS for 10 min, then the mitochondria were solubilized in 0.5% Triton X-100 at 10 min after adding the chelators and aconitase activities in the solution were determined. As shown in Figs. 5C(a) and (b), [Fe(II)(b-CG)] and Fe(II) alone reactivated disassembled aconitase in time-and concentration-dependent manners, whereas b-CG and citrate did not. However, the rate of reactivation of aconitase by the [Fe(II)(b-CG)] complex was relatively lower than that by Fe(II). These findings suggest that [Fe(II)(b-CG)] transfers Fe to aconitase in a mitochondrial matrix.
Effects of b b-CG on Primary Cultures of Neurons from 1-d-Old Mouse Brain
The number of mitochondria present in a cell depends on the metabolic requirements of that cell, and may range from single large mitochondrion to thousands of organelles. Adequate energy supply by mitochondria is essential for neuronal survival. 23) Based on their role as a cellular powerhouse, mitochondria are emerging as key participants in cell survival. Furthermore, mitochondrial oxidative Aconitase (approximately 1.2 U, 0.15 mg protein) was activated by Fe(II) (108 mM) and 14 C-b-CG (4.8ϫ10 4 dpm) in the presence of dithiothreitol (14 mM) and 50 mM Tris-HCl buffer, pH 7.4, for 20 min at room temperature, then was immediately applied to a 1.6ϫ4 cm Bio-Gel P-6 gel filtration column equilibrated with 50 mM Tris-HCl buffer, pH 7.4, containing 0.5 mM dithiothreitol. Two drops were collected and an aliquot of the fractions was used for determination of radioactivity, aconitase enzyme activity, iron concentration, and Altman reaction 1) for detecting b-CG. Aconitase was excluded from the gel, while b-CG was retained in the gel. (A) Gel filtration profile with standard aconitase enzyme protein and b-CG. The aconitase enzyme protein was detected by measuring the iron concentration by the ferrozine method, as well as by aconitase activity. b-CG was detected on the TLC seat based on Altman reaction. (B) Gel filtration profile of aconitase enzyme protein incubated with 14 C-b-CG and Fe(II). Aliquots of the fractions eluted from the gel were used for determination of radioactivity. (C) Gel filtration profile of aconitase enzyme protein incubated with 14 C-b-CG, 4 mm of b-CG, and Fe(II). Aliquots of the fractions eluted from the gel were used for the determination of radioacitivity. phosphorylation provides the major source of ATP in cortical neurons.
It is known that mitochondrial volume and the numbers of mitochondrial profiles in brain cells of rats are low during the first week of postnatal life, then rapidly increase by about 6fold between postnatal days 7 and 25, and thereafter rise gradually until adulthood. 24) It is known that an MTT activity can assess the integrity of mitochondrial function. 17) Therefore, mitochondrial function was determined using MTT assay of primary cultured neurons in cerebrum tissues from postnatal 1-d-old mice after exposure to 25-2000 mM of b-CG for the first 3 d after seeding. As shown in Fig. 6A , b-CG enhanced MTT activity in a concentration-dependent manner. Next, the effects of the b-CG related compounds, citrate, glutamate, free Fe(II) and Fe(III) on MTT activities in the cultured neurons were also examined at a concentration of 200 mM [ Fig. 6B(a) ]. b-CG significantly enhanced MTT activity, while none of the related compounds had an effect. In addition, [Fe(II)(b-CG)] increased MTT activity at the same concentration as b-CG (data not shown).
In separate experiments, DNA was purified from cells in wells using RNAase A, proteinase K treatments, phenol/ chloroform extraction, and isopropyl/ethanol alcohol precipi-tation, after which OD 260 values were determined. Living cell numbers were also determined after staining dead cells with trypan blue. These results are presented in Figs. 6B(b) and (c), respectively. DNA contents and cell numbers in the wells treated with b-CG were slightly increased, while those in wells treated with glutamate, Fe(II), and Fe(III) were slightly decreased, and those in wells treated with citrate and a citrate/glutamate mixture were the same as the control levels. The change in DNA content between b-CG-treated cells and the control was statistically significant. The number of cells was decreased to about 60% after 3 d of culture, which was determined based on DNA contents in the dishes. Therefore, the increased cell number by b-CG treatment was considered to reflect increased survival. It is known that Fe is a potent neurotoxin, 25) although it is an essential nutrient. Indeed, the culture medium (DMEM) contained about 0.3 mM of Fe(III) as Fe(III)nitrate. L-Glutamate is also a potent neurotoxin, 26) although it is the major excitatory transmitter in the vertebrate CNS. Neurotoxicities of Fe(II), Fe(III) and glutamate In additions, when surviving cells were stained with btubulin-III antibody (a neuro-marker), stained cells in b-CGtreated wells were approximately 2-fold greater than those in the control wells [Figs. 6C(a), (b)].
Effects of b b-CG on Primary Culture of Neurons from Chick Embryo Brain We previously found that the synthetic activity via incorporation of radioactivity from radiolabeled pyruvate and alanine into b-CG was significantly increased on day 3 in primary cultured neurons from chick embryo optic lobe, reaching a plateau on day 6, whereas the hydrolyzing enzyme activity of b-CG during neuron growth was low until day 3 of the culture, and then it increased significantly until day 12. 5) Therefore, we asked whether b-CG enhances cell viability during the development of neurons from chick embryo optic lobe. We exposed neurons to different concentrations of b-CG (25-200 mM) to investigate its effects on cultured neurons. Figure 7A shows photomicrographs demonstrating the effects of b-CG on the morphology of neuronal cells. b-CG at 50 and 200 mM increased the number of surviving cells in a concentration-dependent manner when neurons were exposed for first 3 d after seeding. The cell numbers on the seeding were decreased to about 70% for 3 d, without any exogenous growth factors, as determined by DNA contents in the dishes. Therefore, the apparent increase of cell number by b-CG was considered to reflect increased cell survival, but not increased proliferation.
In a separate experiment, we determined the number of surviving cells and neurite-bearing cells in photographic fields randomly obtained from wells exposed to b-CG and the controls. Figure 7B shows the changes in numbers of surviving and neurite-bearing cells. Addition of b-CG led to both survival and neurite outgrowth in a concentrationdependent manner.
DISCUSSION
b-CG is a unique compound that was initially isolated from developing brains. Although, its functional roles remain unclear, the tetra-carboxyl nature of b-CG indicates that it may coordinate with metal ions. The stability constant was calculated from pH titration data, which showed that b-CG forms relatively strong complexes with Fe(III), Cu(II), Fe(II), and Zn(II). In addition, our previous findings suggested that b-CG is an endogenous low molecular weight Fe chelator. 6) It has been reported that citrate interacts with the fourth iron atom (Fe a ) of the [4Fe-4S] 2ϩ cubane cluster of aconitase in vitro 7) and prevents cluster disassembly, while it is also required for enzyme reactivation in rat cardiac mitochondria treated with H 2 O 2 . Recently, the mitochondrial matrix protein frataxin was also shown to play a role in the storage of iron within mitochondria and promote Fe(II) availability. 11) Furthermore, frataxin interacts with aconitase, while it reduces the level of oxidant-induced inactivation and converts the inactive [3Fe-4S] 1ϩ enzyme to the active [4Fe-4S] 2ϩ form of the protein in a citrate-dependent fashion.
In the present study, we examined the aconitase-activating activities of metal ion-(b-CG) complexes. In our in vitro experiments, only the [Fe(II)(b-CG)] complex activated aconitase in a time-and concentration-dependent manner, whereas no Fe complex with citrate, glutamate, or deferoxamine displayed such an effect. The aconitase substrates, citrate, cisaconitate, and isocitrate, showed strong protective effects toward aconitase treated with APS at very low concentrations in vitro, while b-CG and [Fe(II)(b-CG)] showed a certain protective effects in concentration-dependent manners. These results suggest that b-CG and [Fe(II)(b-CG)] bind to Fe a in the [4Fe-4S] cluster of aconitase. Furthermore, [Fe(II)(b-CG)] reactivated aconitase damaged by APS, while neither b-CG nor citrate had an effect. Gel filtration profile analysis using 14 C-labeled b-CG also suggested direct binding of 14 It is known that an adequate supply of energy by mitochondria is essential for neuronal survival and that mitochondria are key participants in cell survival. Also, mitochondrial oxidative phosphorylation is the major source of ATP in cortical neurons. 23 tact mitochondril matrix.
Previously, an electron microscopic study of rat brains showed that the numbers of mitochondria are low during the first postnatal week, then increase rapidly by about 6-fold from postnatal day 7 to 25 and rise gradually thereafter until adulthood. 27) During that process, the mean size of mitochondria remains relatively stable, while the number of cristae nearly doubles. Therefore, the combined effects of increases in mitochondrial volume and crista contents results in an overall 11-fold enhancement in mitochondrial capacity. 28, 29) We asked whether b-CG or [Fe(II)(b-CG)] complex enhances the mitochondrial function of cultured neuronal cells obtained from postnatal day 1 mice cerebrum tissues. It is known that an MTT assay can assess the integrity of mitochondrial function. 17) Therefore, MTT activities were determined in cultured neurons after exposure to 25-2000 mM of b-CG for the first 3 d after seeding. b-CG and [Fe(II)(b-CG)] both significantly enhanced MTT activity in a concentrationdependent manner. Next, the primary cultured neurons were exposed to 200 mM of b-CG and related compounds for 3 d, and MTT activities were determined in cultured neurons, while cell viabilities were determined using cell counting and DNA contents analysis. b-CG significantly enhanced MTT activity, while none of the related compounds had an effect. b-CG increased also the number of surviving cells. The increased cell number induced by b-CG was considered to reflect increased survival, but not increased proliferation. In addition, when surviving cells were stained with b-tubulin-III antibody (a neuro-marker), stained cells in b-CG-treated wells were approximately 2-fold greater than those in the control wells. These findings suggest that b-CG enhances cell viability by accelerating mitochondrial functions in mouse primary cultured neurons.
During development of the vertebrate nervous system, up to 50% or more of neurons normally die soon after they form synaptic connections with their target cells. 30) Under normal physiological conditions, cell death with apoptotic characteristics helps to remove excess or unwanted cells. Neuronal cells require constant and timely access to Fe, especially during times of peak energy demand, such as mitochondriogenesis, synaptogenesis, and myelination. Indeed, both Fe uptake and Fe concentration in the brain are highest during postnatal development at the time periods that coincide with peaks in brain growth and myelinogenesis. [31] [32] [33] In previous studies, b-CG appeared in high concentrations during the period characterized by growth and differentiation of neurons, and higher anaerobic metabolism in developing rats. [3] [4] [5] Oxidative stress is an early feature in the process of brain injury after ischemia in both adult and developing brains, though the developing brain is more susceptible to oxidative stress and more prone to activate apoptotic mechanisms after injury. ROS development represents an early triggering event leading to mitochondrial impairment, excitoxicity, and apoptosis. 34) Thus, cellular Fe concentration must be stringently regulated in the developing brain, because of its poorly developed scavenging systems in spite of high Fe-mediated oxidative damage. It has been reported that there is virtually no free Fe in cells. 35) Therefore, we speculated that b-CG chelates Fe(II) ion as a ligand in the labile Fe pool, 35) and the resulting [Fe(II)(b-CG)] complex functions as an Fe chaperone to transfer Fe directly to aconitase in order to make Fe available specifically on the demand of Fe-binding proteins. It is of interest to understand the mechanisms of Fe transfer from [Fe(II)(b-CG)] to aconitase in vivo, thus the present study was undertaken. Our results showed that mitochondrial aconitase receives Fe(II) from [Fe(II)(b-CG)] through a direct interaction.
In living cells, Fe enters cells by transferrin (Tf) endocytosis and is released from Tf in the acidic endosome. Fe(III) is reduced to Fe(II) by a ferric reductase and transported to the cytosol, where Fe(II) becomes part of the labile or chelatable Fe pool (LIP) and is sensed by cytosolic Fe regulatory proteins (IRP1/c-aconitase and IRP2), which are the major regulators of cell Fe metabolism. 35) Physiologically, the contents of LIP represents only 3-5% of total cellular Fe. LIP may represent Fe ions attached to phosphate esters (such as ATP, ADP, or GTP), or organic acids (such as citrate), and perhaps to the polar head groups of membrane lipids, or DNA, though the exact chemical nature of this pool is not clear. 35) The present findings showed the [Fe(II)(b-CG)] complex plays a role as an Fe-carrier for mitochondrial aconitase, and then activates them. In additions, our preliminary experiments revealed that c-aconitase, iron regulatory protein 1 (IRP1), damaged by EDTA/Fe(CN) 6 36) reagents was reactivated with [Fe(II)(b-CG)] complex. Moreover, we previously reported that b-CG is mainly localized in the cytosol, with part in the mitochondria. 5) Taken together, we speculate that b-CG may chelates Fe(II) ion as a ligand in LIP, and the [Fe(II)(b-CG)] complex is sensed by IRP1/c-aconitase in the cytosol or transfers Fe to the aconitase in the mitochondria.
